Lactococcus lactis has previously been proposed as a vaccine platform for the safe delivery of heterologous antigens. Here we utilized L. lactis as a live vector for expression of listeriolysin O (LLO), a major Listeria monocytogenes antigen and virulence factor. A variety of plasmid constructs were designed to permit either constitutive or nisin-inducible expression of secreted or non-secreted LLO in L. lactis. Recombinant strains were subsequently tested in a murine model for vaccination efficacy against L. monocytogenes infection. CD8 + T lymphocytes specific for the LLO 91-99 epitope were detected when strains were administered via the intraperitoneal (IP) but not the oral route. Challenge with live L. monocytogenes revealed different levels of protection among the three vaccine strains tested with the nisin-inducible LLO-secreting L. lactis strain providing the greatest protection against secondary infection. This work highlights the usefulness of the GRAS (Generally Regarded As Safe) organism L. lactis as the basis of a live vaccine vector against L. monocytogenes. The work suggests that LLO-expressing L. lactis strains may also have the potential to act as a platform for directing other co-expressed antigens towards the cytosolic MHC class I pathway for enhanced stimulation of the CD8 + T-cell response.
Introduction
Listeria monocytogenes, the causative agent of listeriosis, is a food-borne pathogen which can infect immunocompromised individuals causing meningitis and septicemia [1] . Pregnant women are particularly susceptible, developing flu-like symptoms followed by chorioamnionitis and miscarriage [1] . Although L. monocytogenes infections are generally sporadic in the community, several large-scale common-source outbreaks have occurred worldwide [2] . Once listeriosis is established in an infected host the mortality rate is high (20-30%) , and in terms of human mortality L. monocytogenes is considered to be among the most significant bacterial causes of food-borne diseases [3] . Moreover, L. monocytogenes also causes infections of cattle and sheep and can result in appreciable losses through foetal infection and spontaneous abortions in these animals. Infection of farm animals is also considered to pose a zoonotic threat to humans who may be exposed to L. monocytogenes through contaminated milk or meat products [4] .
L. monocytogenes is an intracellular pathogen which has a unique mechanism of cellular infection. Upon phagocytosis, the pathogen secretes a hemolysin, listeriolysin O (LLO), that forms pores in the phagosomal membrane enabling the bacterium to access the host cell cytoplasm [3] . Through the expression of other specific virulence factors (including ActA, Hpt, and PlcB), L. monocytogenes replicates and moves within the cytosol and can spread from cell to cell without exposure to the extracellular milieu [5] . Investigation of the immune response against L. monocytogenes showed that in addition to its role in intracellular pathogenesis, LLO is a major immunodominant listerial antigen. Indeed protective immunity against L. monocytogenes is dependent on cytotoxic CD8 + cell-mediated immunity against epitopes of the two major virulence factors LLO and P60 [6] . The central role of LLO in the listerial infection cycle, coupled to the significant antigenicity of this protein indicates that LLO may have potential as the basis of a vaccine against L. monocytogenes. Live bacterial vectors such as attenuated Bacillus anthracis and aroA − Salmonella typhimurium strains have previously been engineered to express LLO for vaccination against L. monocytogenes [7] [8] [9] . In addition, several attenuated L. monocytogenes mutants have been investigated as possible vaccines against listeriosis or as heterologous antigen delivery systems for vaccination against cancer and This study other pathogens [10] [11] [12] [13] . However, although the efficacy of these approaches was clearly demonstrated, all the abovementioned vectors are based upon live attenuated pathogens which may have the potential for reversion to a virulent state. Lactococcus lactis is a GRAS (Generally Regarded As Safe) microorganism that is widely used in the food industry. The development of numerous inducible and constitutive expression systems for L. lactis has enhanced the use of this organism as a cellular factory for expression of various heterologous proteins of biotechnological interest [14] . This work has extended into the use of L. lactis as a live vaccine vector for delivery of heterologous antigens. Several antigens such as tetanus toxin fragment C (TTFC) [15] , Helicobacter pylori Cag12 antigen [16] , Giardia lamblia cyst wall protein 2 [17] , and SARS-coronavirus nucleocapsid protein [18] have been successfully expressed in L. lactis with promising immunological outcomes following administration in mice. Moreover, L. lactis has also been used as a vehicle for delivery of therapeutic bioactive substances (including interleukin-10 (IL-10) and trefoil factors) to reduce inflammation and enhance recovery in murine models of colitis [19, 20] . Indeed, an L. lactis strain expressing human IL-10 and utilizing a novel biological containment strategy has recently been the subject of clinical trials in patients with Crohn's disease [19] . Since L. lactis is a non-pathogenic, non-invasive and noncommensal food-grade bacterium, it is particularly attractive as a basis for safe delivery of antigens or bioactive molecules. Furthermore, the Gram-positive bacterium L. lactis has a relatively small genome size with few exoproteins and unlike proposed Gramnegative hosts, does not produce endotoxin [21] [22] [23] .
In the present work, we successfully expressed L. monocytogenes LLO in L. lactis to act as a potential live vaccine vector. The P44 constitutive promoter and the PnisA nisin-inducible promoter were employed to express LLO in different compartments (intracellular and secreted). LLO was expressed in an active form in all cases except the constitutive intracellular form. Investigation of the immune response upon vaccination of BALB/c mice via the intraperitoneal (IP) and oral routes revealed different levels of LLO-specific CD8 + T cells, IgG antibodies and protection against challenge with L. monocytogenes. The current work demonstrates the application of L. lactis in the development of potential vaccine platforms against L. monocytogenes.
Materials and methods

Bacterial strains, plasmids, and culture conditions
A summary of bacterial strains and plasmids used in this study is shown in Table 1 . Luria-Bertani (LB) broth was used for Escherichia coli cultures while M17 broth (Oxoid) supplemented with 0.5% glucose (i.e. GM17) was used for Lactococcus. For L. monocytogenes, brain heart infusion (BHI) broth (Oxoid) was used. Technical agar (Merck) was added (1.5%, w/v) when solid media were required. Incubation temperatures were 30 • C for L. lactis and 37 • C for L. monocytogenes and E. coli. When required, ampicillin (Amp) was used at a concentration of 100 g/ml for E. coli while chloramphenicol (Cm) was used at 10 g/ml for E. coli, and L. lactis and at 7.5 g/ml for luminescent L. monocytogenes. All cell culture media and reagents were obtained from Gibco unless otherwise stated.
Cloning of LLO in modified pNZ8048 plasmid vectors
Four plasmids were constructed for the expression of LLO in L. lactis: the constitutive pNZP44:SEC-LLO and pNZP44:CYTO-LLO plasmids, and the nisin-inducible pNZPnisA:SEC-LLO and pNZPnisA:CYTO-LLO plasmids ( Fig. 1 ). Plasmids pNZP44:SEC-LLO and pNZPnisA:SEC-LLO were designed to secrete LLO using the Nterminal secretion signal of the Usp45 protein which is a secreted lactococcal protein [24] . The use of the Usp45 secretion signal has previously been described to direct the secretion of heterologous proteins in L. lactis [25, 26] . Plasmids pNZP44:CYTO-LLO and pNZPnisA:CYTO-LLO lack a secretion signal and were thus designed to produce LLO intracellularly. For constitutive antigen expression, the lactococcal P44 promoter was used [27] while for inducible expression PnisA was used [28] .
Plasmid pNZ8048 [29] was used as a platform to create the four plasmids. pNZ8048 contains the PnisA promoter with a downstream NcoI restriction site (CCATGG) containing the first start codon (ATG). However, since the hly gene (encoding LLO) contains an internal NcoI restriction site, we modified pNZ8048 to eliminate this NcoI site and added a new start codon in frame with the hly gene. To achieve this we eliminated the PnisA promoter (along with the NcoI site) from pNZ8048 by enzymatic digestion (BglII and KpnI) and replaced it with our promoter (PnisA or P44)/insert constructs without the need for NcoI digestion (Fig. 1 ). The promoter/insert constructs were created using the splicing by overlap extension (SOE) technique [30] . The primers used in the PCR reactions are shown in Table 2 . All PCR reactions were performed using the high fidelity KOD hot start DNA polymerase (Novagen) following manufacturer's instructions.
The pQE30 plasmid was used as an intermediate cloning vector to create a six-Histidine-tagged (i.e. His-tagged) antigen for subsequent cloning into modified pNZ8048. The hly gene of L. monocytogenes EGDe (accession number AL591824) minus the secretion signal was PCR amplified from chromosomal DNA using pQE30 forward and reverse primers ( Table 2 ). This hly gene was digested by BamHI and PstI and ligated using T4 DNA ligase (Roche) to a similarly digested pQE30 plasmid (Qiagen) which introduced an N-terminal six-Histidine tag to hly. The ligation reaction mixture was transformed to chemically competent E. coli BL21 (Novagen) by heat shock following manufacturer's instructions and plated onto LB agar containing ampicillin. Colony PCR was used to identify positive colonies and plasmid (pQE30/hly) was extracted from E. coli BL21 using Qiagen Miniprep Kit (Qiagen). The integrity of the DNA sequence was confirmed by sequencing (Lark Technologies Inc., UK).
For the nisin-inducible secreted LLO construct, primers 1 and 2 were used to amplify promoter PnisA using pNZ8048 as a template while primers 3 and 4 were used to amplify the Usp45 secretion signal (hereafter designated SEC) from L. lactis MG1363 chromosomal DNA preparation. The resulting two PCR products were spliced together by the SOE technique using primers 1 and 4 and a 1:1 molar ratio of the two PCR products. This SOE product (PnisA + SEC) was further spliced to the His-tagged hly gene (amplified from pQE30/hly using primers 5 and 6) using primers 1 and 6.
Similarly, for the nisin-inducible non-secreted LLO construct, primers 1 and 7 were used to amplify PnisA using pNZ8048 as a template. Subsequently, this resulting PnisA was SOE-spliced to the His-tagged hly (amplified from pQE30/hly using primers 6 and 8) using primers 1 and 6.
For the constitutive secreted LLO construct the P44 promoter was amplified from plasmid pNZ44 [31] using primers 9 and 10, SEC signal was amplified from the L. lactis MG1363 chromosome with primers 11 and 4. These two PCR products were first spliced by SOE technique using primers 9 and 4 and the resulting PCR product was further spliced to the His-tagged hly (previously amplified from pQE30/hly template using primers 5 and 6) using primers 9 and 6.
Finally, the constitutive non-secreted LLO construct was created by a SOE reaction between P44 promoter (amplified from pNZ44 template with primers 9 and 12) and the His-tagged hly (amplified from pQE30/hly as a template with primers 13 and 6) by the use of primers 9 and 6.
Each construct was digested sequentially with BglII then KpnI enzymes. Similarly, plasmid pNZ8048 was digested by BglII and KpnI and gel extracted by the Qiagen gel-extraction kit (Qiagen) to remove the intervening fragment which contained PnisA along with the undesired NcoI site ( Fig. 1) . Ligation was performed using T4 DNA ligase (Roche) and the ligation reaction was transformed to a commercial chemically competent E. coli Top10 (Invitrogen) following the manufacturer's instructions and plated onto LB agar containing chloramphenicol. After incubation at 37 • C for 24-48 h, positive colonies were detected by colony PCR. Plasmids were extracted from E. coli Top10 using the Qiagen Miniprep Kit (Qiagen) and DNA sequence was confirmed (Lark Technologies Inc., UK).
Transformation of Lactococcus strains with hly-containing vectors
L. lactis MG1363 and L. lactis NZ9000 (a derivative of MG1363) were used as host strains for pNZP44:CYTO-LLO and pNZPnisA:CYTO-LLO, respectively. For the LLO secretory plasmids, pNZPnisA:SEC-LLO and pNZP44:SEC-LLO, L. lactis NZ9000 htrA (kindly provided by Prof. Airi Palva, University of Helsinki) was used as a host [32] . HtrA is an extracellular housekeeping protease [33] and HtrA-deficient Lactococcus mutants have been reported to be more efficient in expression of secreted protein [25, 32] . Electrocompetent Lactococcus strains, prepared as previously described [34] , were transformed with the corresponding hly-containing vectors using Gene Pulser (Biorad) and plated onto GM17 agar containing chloramphenicol and incubated at 30 • C for 24 h. Colonies were checked by colony PCR and positive clones were preserved in glycerol stocks at −80 • C.
Investigation of LLO production by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot
Overnight cultures of the inducible Lactococcus strains (i.e. containing pNZPnisA:SEC-LLO or pNZPnisA:CYTO-LLO) were subcultured (5%, v/v) in fresh GM17 broth and grown statically at 30 • C to an optical density at 600 nm (OD 600 ) of 0.5. At this point nisin, used as filter-sterilized culture supernatant of the nisin-secreting strain Lactococcus NZ9700 [22] , was added at a concentration of 0.2% (v/v). These strains were allowed to grow for a further 3 h and then cells were harvested by centrifugation, washed twice with phosphate-buffered saline (PBS) and then pellets were frozen at −20 • C until analysis. For the constitutive strains (containing pNZP44:SEC-LLO or pNZP44:CYTO-LLO), overnight cultures were inoculated into fresh GM17 broth and grown to an OD 600 of about 0.8 at which point cells were similarly harvested, washed and preserved at −20 • C. For SDS-PAGE analysis, cells were thawed on ice, resuspended in cold lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8) containing 30 mg/ml lysozyme (Sigma) and kept on ice for 30 min. This was followed by sonication and centrifugation at 10,000 × g for 30 min at 4 • C. Aliquots of the bacterial lysate (supernatant) were mixed with SDS-PAGE 2× sample buffer and kept at −20 • C. The remaining lysate was used for purification of the His-tagged LLO using Ni-NTA affinity chromatography.
Culture supernatants of the LLO-secreting strains, L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO and pNZP44:SEC-LLO) were also collected using cold trichloroacetic acid (TCA) precipitation (15%, w/v final concentration) as previously described [35] .
For Western blot analysis, gels were blotted against a nitrocellulose membrane (Hybond-ECL TM , Amersham Biosciences UK Ltd.) and the membrane was then blocked overnight at 4 • C in 5% skimmed milk in TBS buffer (0.8% sodium chloride, 20 mM Tris-HCl, pH 7.6). Primary rabbit anti-LLO antibody (Diatheva, Italy) and secondary anti-rabbit antibody (ECL western blotting system) were used at 1/1000 and 1/1500 dilutions in 5% and 10% skimmed milk, respectively. Western blot detection was performed using the Amersham ECL western blotting system (Amersham Biosciences UK Ltd.) according to the protocol recommended by the manufacturer.
Since animal vaccination with the nisin-induced vaccine strains requires continued in vivo expression of LLO after the in vitro induction period, we examined the kinetics of LLO production following removal of the nisin inducer. The two nisin-inducible strains were induced with nisin for 1 h, and then washed three times with PBS and resuspended in fresh GM17 broth. LLO production was analyzed over time by Western blot.
Purification of LLO and assessment of LLO hemolytic activity
His-tagged LLO was purified from the cell lysate (pNZP44:CYTO-LLO and pNZPnisA:CYTO-LLO) or acellular supernatant (pNZPnisA:SEC-LLO and pNZP44:SEC-LLO) by means of Ni-NTA gel affinity chromatography. Cell lysate was passed through Ni-NTA gel (Qiagen) packed in chromatography columns (Biorad), and LLO was purified using the procedure described by Qiagen (QIAexpressionist TM ). A similar procedure was used for the secreted LLO (pNZPnisA:SEC-LLO and pNZP44:SEC-LLO) but the supernatant pH was first adjusted to pH 8 using NaOH before passing through the Ni-NTA gel.
To assess if LLO is produced in active form, the hemolytic activity of preparations was checked using the method described by Kohda et al. [36] with some modifications. Briefly, aliquots of 100 l of 0.5% (v/v) sheep red blood cells (RBCs) suspended in PBS (pH 5.5) were distributed in 1.5 ml Eppendorf tubes. Twofold serially diluted (in PBS pH 5.5) purified LLO (for non-secreted LLO) or dialyzed culture supernatant (for secreted LLO) was added to each tube to a final volume of 1 ml. A positive control (distilled water) and a negative control (PBS, pH 5.5) were also included. Tubes were incubated statically at 37 • C for 45 min after which they were centrifuged and supernatants collected. Absorbance was measured at 415 nm and hemolytic units were calculated. For purified LLO from NZ9000 (pNZPnisA:CYTO-LLO), one hemolytic unit (HU) was defined as the amount of LLO required to cause 50% hemoglobin release from sheep RBCs as compared to the 100% hemoglobin release of the positive control (distilled water) [36] . For secreted LLO, hemolytic activity was expressed in terms of complete hemolytic units (CHU) defined as the reciprocal of the highest dilution of supernatant showing complete hemolysis [37] .
It is noteworthy that we failed to detect any LLO production in the Lactococcus MG1363 (pNZP44:CYTO-LLO) strain by any of the previous detection techniques. Consequently, all subsequent experiments involved only the three remaining LLO-producing strains.
Intracellular growth of the LLO-producing strains
Intracellular growth of the constructed L. lactis strains was investigated in J774 macrophage-like cells as described previously [38] with some modifications. Briefly, J774 cells were normally grown in DMEM glutamax ® medium (Gibco) containing 10% foetal calf serum FCS at 37 • C and 5% CO 2 . Before the test, J774 cells were grown for 24 h in 96-well tissue culture plates (Sarstedt). Lactococcus strains were washed twice with PBS after 1 h-nisin induction from OD 600 of 0.5 (for the inducible strains) or at OD 600 of 0.8 for the control L. lactis NZ9000 htrA strain and the constitutive NZ9000 htrA (pNZP44:SEC-LLO) strain. L. monocytogenes EGDe was also included as a positive control. After washing, strains suspended in culture medium (i.e. DMEM glutamax ® plus 10% FCS) were added to wells containing the J774 cells at a multiplicity of infection (MOI) of about 2-5 bacterial cells per each J774 cell. Plates were incubated for 1 h before removal of growth medium followed by a single wash with fresh warm medium and addition of fresh medium containing 20 g/ml gentamicin to kill extracellular bacteria [39] . Plates were then incubated for a further 1 h. J774 cells were lysed (to release intracellular bacteria) at this timepoint (2 h sample, T2) using 200 l cold sterile distilled water followed by dilution and plating onto appropriate agar media. Gentamicin-containing medium was removed from remaining wells, fresh medium was added and plates incubated for another 6 h following which time the bacterial count was similarly determined (T8 sample).
Animals and immunization protocols
Female BALB/c mice, 6-8 weeks in age, were used in all animal experiments. All animal procedures were reviewed and approved by the ethical assessment committee of University College Cork (UCC). Animals were divided into groups of five mice each. Groups were given eight doses of the three LLO-producing strains either by oral gavage or intraperitoneal injection on days 1, 2, 7, 14, 21, 28, 35, and 36. L. lactis NZ9000-treated groups (oral and IP) and nontreated groups were included as negative controls. Groups treated with sub-lethal IP L. monocytogenes EGDe (2 × 10 3 CFU/mouse for a total of six doses on a weekly basis) were also included as a positive control.
Inoculation doses were 5 × 10 9 CFU/mouse for the oral experiments while for the IP route, doses of 2 × 10 4 and 2 × 10 5 CFU/mouse were given on days 1 and 2, respectively followed by booster doses of 10 7 CFU/mouse. This gradual increase of the IP inoculation doses was intended to avoid any possible adverse effects associated with parenteral administration of high doses of bacteria to naïve mice. The two inducible strains were grown to an OD 600 of 0.5 in GM17 broth (10 g/ml Cm), induced with nisin 0.2% (v/v) for 1 h, washed twice with PBS and resuspended in PBS prior to inoculation. For the constitutive LLO-secreting strain, L. lactis NZ9000 htrA (pNZP44:SEC-LLO), overnight cultures were inoculated into fresh GM17 broth containing 10 g/ml Cm and grown to an OD 600 of 0.8 at which point cells were harvested, washed twice with PBS and resuspended again in PBS for inoculation. Final dose volume per mouse was 200 l for both oral and IP inoculations.
Detection of LLO-specific CD8 + T cells by the enzyme-linked immunospot (ELISPOT) test
The ELISPOT test was used as described previously [40] to detect cytotoxic CD8 + cells specific to the H2-K d -restricted LLO epitope, LLO 91-99 , GYKDGNEYI (Peptide Protein Research, UK). Mouse mastocytoma line P815-1-1 cells (The European Collection of Cell Culture; ECACC) were used as antigen presenting cells (APCs). P815-1-1 cells pulsed with 10 −6 M of LLO 91-99 peptide or non-pulsed were used to stimulate splenocytes isolated from mice after the vaccination regimen. Numbers of LLO 91-99 -specific IFN-␥-secreting cells were counted using a stereomicroscope.
Detection of LLO-specific IgG1 and IgG2a in sera of immunized mice by the enzyme-linked immunosorbent assay (ELISA)
Titres of LLO-specific IgG1 and IgG2a antibodies were determined in sera of treated mice and control groups using ELISA as previously described [18] . Briefly, 96-well ELISA plates (Costar ® , Corning Incorporated) were coated overnight at 4 • C with 100 l per well of 100 g/ml LLO [purified by Ni-NTA affinity chromatography from cell lysate of E. coli M15 (pREP4) harboring pQE30/hly after induction with 0.3 mM isopropyl ␤-d-1-thiogalactopyranoside (IPTG) for 4 h at room temperature with shaking]. Plates were washed with PBS containing 0.05% Tween 20 (Sigma) (PBST) and blocked for 3 h with 10% skimmed milk, then washed again. Dilutions of serum samples were added for 1 h at room temperature followed by washing with PBST and addition of horseradish peroxidase (HRP)-conjugated rat anti-mouse IgG1 or IgG2a (BD Biosciences) for 1 h at room temperature. Detection was performed using the HRP substrate, 3,3 ,5,5 -tetramethylbenzidine (TMB) and the reaction was stopped by addition of 1 M sulfuric acid. Absorbance was measured at 450 nm and titres were defined as the serum dilution reciprocal, as calculated from the regression equation of the linear part of the curve obtained by plotting serum dilutions against absorbance, that has absorbance equal to 2S.D. (double standard deviation) above the highest absorbance value observed with the negative control groups.
Challenge test using luminescent L. monocytogenes
Listerial challenge was performed as previously described [41] . Briefly, mice were challenged after a specified period (3 days or 6 weeks) from the last vaccination booster with intraperitoneal injection of 200 l of 2 × 10 6 CFU/ml, i.e. 4 × 10 5 CFU/mouse, luminescent L. monocytogenes EGDe ( Table 1 ). This luminescent strain has been recently characterized and proved to have identical growth characteristics to the wild type [42] . Mice were euthanized 3 days post-challenge and the listerial burden was determined in spleens and livers by measuring the whole-organ luminescence in Xenogen IVIS100 machine (Xenogen, Alameda, CA). This was followed by organ homogenization, serial dilutions and plating on BHI agar plates containing 7.5 g/ml Cm. Plates were incubated at 37 • C for 2 days and Listeria counts were calculated per organ. The limit of detection (LOD) of Listeria was 50 CFU/organ.
Interpretation of data and statistical analysis
The Student's t-test was used for statistical analysis of data and results with P values of less than 0.05 were considered statistically significant.
Results
Production of hemolytically active LLO by engineered lactococcal vectors
Ni-NTA gel purification of the His-tagged LLO and SDS-PAGE followed by Western blotting using polyclonal rabbit anti-LLO revealed efficient LLO production in three strains: L. lactis NZ9000 (pNZPnisA:CYTO-LLO), L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO), and L. lactis NZ9000 htrA (pNZP44:SEC-LLO) (Fig. 2 ). His-tagged LLO was found in the cell lysate fraction (C) but not in the culture supernatant (secreted fraction; S) ( Fig. 2B ) of induced NZ9000 (pNZPnisA:CYTO-LLO). For the LLO-secreting strains (NZ9000 htrA harboring pNZP44:SEC-LLO or pNZPnisA:SEC-LLO), Western blot with anti-LLO antibodies showed positive bands in both the C and S fractions (Fig. 2B ). His-tagged LLO could be isolated by Ni-NTA chromatography from the C fraction of NZ9000 htrA (pNZPnisA:SEC-LLO) indicating its presence along with the precursor SEC-LLO (data not shown). On the contrary, no Histagged LLO could be isolated from the C fraction of NZ9000 htrA (pNZP44:SEC-LLO) suggesting the presence of only the precursor intracellularly (data not shown).
No LLO could be detected in case of L. lactis MG1363 (pNZP44:CYTO-LLO) though the DNA sequence was confirmed to be correct (Lark Technologies Inc., UK). Analysis of both log-phase and stationary-phase cell lysates, cell pellets (for bound LLO) and culture supernatants of L. lactis MG1363 (pNZP44:CYTO-LLO) failed to detect LLO (data not shown). Consequently, all subsequent animal experiments were conducted with only the three strains capable of efficient LLO expression. LLO produced by these three strains showed detectable hemolytic activity which confirmed expression . This latter finding is most likely related to the level of secreted LLO which was much lower in case of L. lactis NZ9000 htrA (pNZP44:SEC-LLO) (Fig. 2B) . The above values of hemolytic activity are similar to those obtained for LLO expressed in other vectors [37, 43] .
The two nisin-inducible strains were examined for continuous LLO production upon the removal of nisin after 1 h induction period. We found that the two strains continued production of LLO in vitro as indicated by the significant accumulation of the protein over a five hour period (data not shown). Similar results were demonstrated by Bermudez-Humaran et al. for nisin-inducible lactococci [44, 45] . Consequently, the inducible strains were treated with nisin for 1 h rather than 3 h in the intracellular growth assay and in animal inoculations. 
Intracellular growth in J774 macrophage-like cells
To assess bacterial growth in J774 cells treated with the bacterial strains, plate counts were performed at T2 and T8 post-treatment. Over the 6-h period between T2 and T8 bacterial counts of wild-type L. monocytogenes increased significantly (P < 0.001) by 100-fold while the counts of the three-LLO producing strains along with the negative control L. lactis NZ9000 htrA decreased significantly (P < 0.02) by more than twofold (data not shown). These results demonstrate the incapability of Lactococcus strains for longterm survival in macrophage cells.
Short-term assessment of the immune response 3 days after oral and IP vaccination
CD8 + T lymphocytes specific for the H2-K d -restricted LLO 91-99 epitope are elicited by all strains following IP immunization
The ELISPOT assay was used to analyze the development of LLO-specific CD8 + cells. The mouse mastocytoma cells P815-1-1 were used as antigen presenting cells as they express restricted H2-K d MHC class I molecules, so any resulting spots would be due to LLO-specific CD8 + cells [40] . The short-term immune response was assessed 3 days after the last booster for both the IP and oral routes. All three strains demonstrated LLO 91-99 -specific spots following IP inoculations ( Fig. 3) but no spots were observed following oral inoculations (data not shown). L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO) that inducibly secretes LLO showed the greatest propensity to stimulate LLO 91-99 -specific T cells when compared to the other two vaccine strains (Fig. 3 ).
Serum IgG1 and IgG2a titres in vaccinated mice 3 days after last booster
Serum antibody titres were measured 3 days after the final vaccine booster using LLO-specific ELISA. L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO) could elicit LLO-specific serum IgG1 (indicative of a T helper type 2 (Th2) immune response) and IgG2a (indicative of T helper type 1 (Th1) immune response) by both the IP (Fig. 4) and oral (data not shown) routes. However, the titres were not statistically significant by the oral route. Although L. lactis NZ9000 htrA (pNZP44:SEC-LLO) produced detectable IgG2a titres by the IP route and IgG1 titres by both the IP (Fig. 4 ) and oral (data not shown) routes, only the IgG1 titres by the IP route were statistically significant (Fig. 4) . No statistically significant antibody titres were observed with L. lactis NZ9000 (pNZPnisA:CYTO-LLO) by either the oral (data not shown) or IP routes (Fig. 4 ).
Protection against L. monocytogenes challenge following IP vaccination
It should be noted that the poor oral infectivity of L. monocytogenes in the murine model prevents the use of oral challenge studies [3] . Mice were therefore challenged intraperitoneally with luminescent L. monocytogenes 3 days after the final vaccine booster to mimic the systemic phase of infection. Three days following challenge mice were euthanized and luminescence of individual organs was measured using the Xenogen IVIS100 machine (Xenogen, Alameda, CA) followed by plating and determination of the Listeria counts in livers and spleens. Bacterial count results following IP vaccination revealed significant protection as evidenced by the low listerial count in spleens and livers of mice vaccinated with either of the three LLO-producing strains (Fig. 5 ). On the contrary, strong luminescence and high listerial counts were observed in organs of the non-treated groups or groups treated with the control strain L. lactis NZ9000. However, it was found that mice treated with control strain L. lactis NZ9000 showed significantly lower listerial organ counts (P < 0.05) than the non-treated mice, indicating non-specific immune protection against L. monocytogenes by the L. lactis strain Fig. 5 . Results of the challenge experiment 3 days after the IP immunization regimen. Mouse groups (n = 5) were IP vaccinated on days 1, 2, 7, 14, 21, 28, 35, and 36 then challenged IP with luminescent Listeria monocytogenes on day 39. Mice were euthanized 3 days later for Listeria count in spleens and livers. *P < 0.02, **P < 0.01 by the Student's t-test as compared to negative control groups. Error bars represent the mean ± S.E.M. LOD: limit of detection of the test. n/d: not detectable.
( Fig. 5 ). No significant difference was observed between the orally vaccinated groups and the negative control groups with any of the three strains (data not shown).
In summary, the best protection was attained following inoculation with the inducible LLO-secreting strain L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO) via the IP route (Fig. 5) . These results reflect the previous ELISPOT ( Fig. 3 ) and antibody titre ( Fig. 4 ) results where this particular strain elicited the highest number of LLO 91-99 -specific spots and LLO-specific serum antibodies respectively. This strain did not elicit statistically significant protection against IP Listeria challenge when given as an oral vaccine, however analysis of the liver counts demonstrated a P value of 0.07 (data not shown) indicating that this approach (oral vaccination) may warrant further study.
Long-term assessment of the immune response 6 weeks after oral and IP vaccination with L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO)
Since L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO) showed the best protection results in the short term by the IP route, this strain was further investigated in longer term vaccination studies (6 weeks following the last booster). Moreover, we assumed that the rapid death of Lactococcus due to gastric acidity (as suggested by our in vitro observations; data not shown) might be a major cause of vaccine failure when given orally. Therefore, we repeated the oral vaccination with the final inoculum resuspended in GM17 broth pH 8.5 (adjusted with 50 mM CO 3 2− of sodium bicarbonate) [46] . The L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO) strain was given by the oral or IP routes using the previously described vaccination regimens and the ELISPOT test, serum IgG1 and IgG2a titres and challenge test were performed 6 weeks after the last booster. LLO 91-99 -specific CD8 + lymphocytes were detected following the IP but not the oral (pH 8.5) vaccination regimen (Fig. 6) . Similarly both statistically significant IgG1 and IgG2a titres were detected following administration of the IP but not the oral vaccine (Fig. 6 ). Finally, challenge experiments confirmed the protective efficacy of the injected L. lactis NZ9000 htrA (pNZPnisA:SEC-LLO) strain ( Fig. 7) . No difference in listerial organ count was observed between the group treated with control L. lactis NZ9000 htrA and the non-treated group which indicates the lack of non-specific immune stimulation at 6 weeks post-vaccination ( Fig. 7) . Representative organ luminescence pictures of the challenge experiment are shown in Fig. 7 . It is noteworthy that we found the sensitivity of luminescence detection is limited to about 10 5 CFU/organ below which no luminescence could be measured. This finding confined the use of the luminescence data to qualitative rather than quantitative comparisons in both the short-and long-term challenge experiments. These results confirm that IP inoculation confers longer term protection (6 weeks after last booster) and specific immunity (antibodies and cytotoxic CD8 + cells). Moreover, it is shown that oral inoculation at pH 8.5 did not promote vaccine efficacy and suggests that other gastrointestinal conditions (e.g. the presence of bile) may contribute to the reduced viability of Lactococcus during gastrointestinal transit [47] .
Discussion
L. lactis has been proposed as a safe and effective vaccine delivery platform for the delivery of heterologous antigens to the immune system [14] . Here we examined a number of approaches to overexpress the major immunodominant antigen, LLO, from L. monocytogenes in L. lactis and analyzed the protective anti-listerial immune response in the murine infection model.
We investigated the efficacy of LLO expression by L. lactis when the gene was placed under the control of constitutive (P44 promoter region) or inducible (PnisA promoter region) promoters. We also examined the effect of protein secretion upon the protective efficacy of the Lactococcus-based vaccine strains. Previous work in our laboratory optimised detection methods and examined expression levels of non-secreted LLO in L. lactis NZ9000 (pNZPnisA:CYTO-LLO) (manuscript submitted). However, intracellular LLO expressed under the relatively weak constitutive P44 promoter [27] (pNZP44:CYTO-LLO) could not be detected in the present study. While LLO is clearly non-toxic in our system and the sequence of this construct was validated (data not shown), the exact reasons for the lack of detectable LLO protein from this construct are unclear. The degradation and toxic effects of intracellularly expressed heterologous proteins in L. lactis have previously been reported [25, 48] . Thus the current cloning and expression work created three potential L. lactis vaccine strains expressing LLO.
We examined the intracellular growth of the three L. lactis vaccine strains in J774 macrophage-like cells by determining bacterial counts at various time intervals. In our model L. lactis was incapable of growth in J774 cells, as evidenced by experimental bacterial counts, irrespective of LLO expression. This contrasted significantly with the L. monocytogenes control which increased in numbers over time. Listeriolysin O is essential for the escape of L. monocytogenes from the macrophage phagosome to the cytoplasmic compartment [3] . It has been shown previously that an engineered LLO-secreting Bacillus subtilis strain can escape from the phagosomal compartment and grow in the J774 cell cytosol [49] . In contrast, Goetz et al. utilized microinjection to introduce a variety of bacteria directly into the cytoplasm of Caco-2 cells and found that bacteria that are not adapted to the cytoplasmic compartment are unable to multiply and grow [50] . Our work supports the latter findings and suggests that L. lactis vaccine vectors engineered to access the cytoplasmic antigen presenting pathway are incapable of further growth in this environment. Unlike L. monocytogenes, Lactococcus is not adapted to multiply and persist inside macrophages and does not possess the molecular factors that enable survival in the host cytosol [51] . It is noteworthy that LLO is rapidly inactivated once in the cytosol of infected cells and does not display toxicity towards the host cytoplasmic membrane [52] . We hypothesized that LLO-expressing L. lactis strains will access the cytoplasmic MHC class I antigen presenting pathway in antigen presenting cells and deliver LLO, an antigen previously determined to provide protective immunity against L. monocytogenes [6] .
We measured the serum titres of the two IgG isotypes; IgG1 (reflective of the humoral T helper type 2, Th2 CD4 + response) and IgG2a (reflective of the cell-mediated T helper type 1, Th1 CD4 + response) [53, 54] . Although significant antibody titres were elicited by two of the vaccine strains ( Figs. 4 and 6) , the results of the challenge test suggested that the CD8 + response was more important for protection. Significantly another study found that CD8 + T cells (and not antibodies or CD4 + cells) are the major mediators of immunity against Listeria when LLO was delivered by an attenuated B. anthracis strain [9] . Our data also suggest that future L. lactis vectors expressing LLO combined with other heterologous antigens may be useful in eliciting antibody-mediated as well as cell-mediated immune responses.
Engineered L. lactis strains were capable of eliciting specific CD8 + T cells against the dominant LLO 91-99 epitope. While the CD8 + cell responses were significant, vaccine strains induced lower levels of specific CD8 + T cells than the positive control (sub-lethal L. monocytogenes). However, all engineered L. lactis strains provided protective immunity against secondary challenge with L. monocytogenes. It is clear in the literature that robust CD8 + T-cell responses are required for immunity to L. monocytogenes [6] . Here levels of LLO-specific CD8 + cells generated through vaccination with engineered L. lactis were sufficient to elicit enhanced clearance of L. monocytogenes relative to control mice inoculated with control L. lactis.
Overall the greatest response was generated by the LLOsecreting nisin-inducible strain, NZ9000 htrA (pNZPnisA:SEC-LLO) which also generated the highest LLO expression levels in vitro (Fig. 2 ). In addition, it is reported in the literature that secreted LLO is more immunogenic than the non-secreted form [7] . We utilized this strain in longer term vaccination studies and analyzed protective immune responses 6 weeks following the final booster inoculation. These studies demonstrated that this vaccine vector was capable of inducing specific protection against subsequent L. monocytogenes infection. The vector was not capable of inducing immunity to the same level as exposure to sub-lethal L. monocytogenes positive control. This is most likely due to the fact that the current L. lactis vectors express only a single L. monocytogenes antigen (i.e. LLO). Previous studies utilizing Salmonella enterica serovar Typhimurium expressing both LLO and P60 listerial antigens showed enhanced protection against listeriosis when compared to vectors expressing single antigens [55] .
L. lactis has been repeatedly employed as a mucosal (intranasal or oral) vaccine delivery vehicle [16, 18, 44] . However, the viability of Lactococcus is well-known to be greatly diminished in the gastrointestinal tract [56] , thus LLO production and presentation to the immune system is expected to be reduced in this environment. We attempted to maximize the oral dose of Lactococcus, buffer the vaccine inocula to pH 8.5 and increase the number of vaccination doses to compensate for that loss. A similar approach was used by other investigators [54, 57, 58] who used seven to nine oral doses with various vaccination regimens. However, in the present study we did not obtain significant protection against L. monocytogenes following oral vaccination. The reason for this may be the wellreported rapid killing of L. lactis in the gut [56, 59] , the vaccination regimen used, the nature of the expressed antigen itself or a combination of all these factors. Further studies and strategies to improve vaccine efficacy via the oral route are ongoing in our laboratory.
A number of host carriers have previously been examined to heterologously express LLO and act as live vaccines against L. monocytogenes. An attenuated B. anthracis strain was used as a live LLO-secreting vaccine vector against Listeria via the subcutaneous route [9] . This could elicit LLO-specific CD8 + responses, anti-LLO antibodies and provided partial protection against L. monocytogenes challenge. Recombinant attenuated aroA − S. typhimurium strains that produced LLO were also investigated as vaccine candidates against listeriosis. The aroA − S. typhimurium strain producing secreted LLO (but not a strain producing intracellular LLO) was found to be protective against Listeria challenge [7] . In another study, S. typhimurium expressed LLO fused to the Yersinia outer protein E (YopE) as a carrier molecule for cytosolic delivery using the S. typhimurium type III secretion system [8] . Oral vaccination with that strain elicited LLO 91-99 -specific CD8 + T cells and protective immunity upon listerial challenge.
While LLO is a well-described antigen of L. monocytogenes the protein also plays a role in lysis of the phagosomal membrane and can therefore permit entry of other antigens into the cytoplasmic antigen processing pathway [60] . This concept of LLO redirecting accompanying antigens towards a CD8 + -mediated immune response is well established in the literature [61, 62] . LLO-secreting Mycobacterium bovis BCG strains were able to increase the protective efficacy of the vaccination against tuberculosis due to better antigen presentation through the cytosolic MHC class I pathway [37] . In addition, E. coli cells expressing both LLO and ovalbumin (OVA) demonstrated enhanced delivery of the OVA K b -restricted epitope SIINFEKL for MHC class I presentation and could protect 75% of mice upon challenge with an OVA-expressing melanoma cell line [63] . Similarly MHC class I processing of OVA in macrophages could be improved in S. typhimurium dually expressing both LLO and OVA [64] .
The use of L. lactis as an LLO-vector has a number of significant advantages over the other proposed platforms described above or attenuated mutants of L. monocytogenes [7, 9, 62] . L. lactis is a food-grade, non-pathogenic bacterium and its safety profile is well-established. Unlike Gram-negative vectors, L. lactis does not produce endotoxins and at the same time it has an innate immunostimulatory effect [54] . As LLO enhances access to the cytoplasmic processing pathway we propose that L. lactisexpressing LLO may also provide a safe platform for the delivery of other heterologous antigens (including viral and tumour antigens) for the generation of specific memory and effector CD8 + cell responses.
In conclusion, we have developed engineered L. lactis strains capable of producing active LLO, an immunodominant protein antigen of L. monocytogenes. One vector strain in particular was capable of secreting prolonged high levels of LLO following induction by nisin and generated protective immunity against L. monocytogenes challenge that was defined by anti-LLO CD8 + T cells. This approach may inform the development of safe anti-listerial vaccines for protection against this zoonotic disease which affects not only humans but also domestic animals where listeriosis results in significant losses [4] .
